Mammalian reproductive biology is modified consistently across pinnipeds to achieve a synchronous and seasonal reproductive pattern. This synchrony relies on an embryonic diapause and ensures optimal conditions for offspring survival. Behavioral observations on Galapagos sea lions (Zalophus wollebaeki) indicate little synchrony and variable breeding seasons, making this species unique among otariids. We studied the reproductive physiology of wild female Galapagos sea lions in 2 months in contrasting seasons, March 2005 (n 5 11) and August 2006 (n 5 12) by examining progesterone and estrogen concentrations in serum and plasma. We provide physiological evidence for remarkably low synchrony and minor seasonality in the breeding cycle of Galapagos sea lions. Specifically, we found females in intermediate or advanced pregnancy during both seasons, as determined by high progesterone concentrations coupled with physical examination. Possible causes for this low synchrony are absence of strong photoperiodic change throughout the year, thought to regulate embryonic diapause, or adaptation to an environment with variable productivity and prey availability, or both.
The reproductive biology of pinnipeds has several special features. Embryonic diapause in most species of seals and sea lions allows for a tight synchrony of births to ensure that pups are born at the optimal time of year for weather, prey abundance, and general availability of resources necessary for maximal survival of offspring (Atkinson 1997; Boyd 1991b) . Lactation and mating strategies have evolved to ensure that adult females can make an optimal maternal investment in their offspring while maintaining the ability to reproduce annually. This may be 1 of the reasons why some populations such as the California sea lions (Zalophus californianus) of the west coast of North America have increased so rapidly after decimation (Costa et al. 2006; National Marine Fisheries Service 1997) .
Hormone concentrations in wild mammals are increasingly used to estimate demographic parameters such as pregnancy rate and age at 1st reproduction (Greig et al. 2007 ). Knowledge of the endocrinology of these parameters needs to be improved and applied to species whose populations are fluctuating or in decline (Atkinson 1997) , such as the Australian sea lion (Neophoca cinerea- Shaughnessy et al. 2006) , Galapagos sea lion (Zalophus wollebaeki- Trillmich and Limberger 1985) , and Hawaiian monk seal (Monachus schauinslandi- Pietraszek and Atkinson 1994) . Breeding biology of the first 2 species differs from typical otariid reproductive biology. Most otariid species reproduce annually and have narrowly defined breeding seasons lasting approximately 2 months (Atkinson 1997) . In contrast, Australian sea lions exhibit an 18-month aseasonal breeding cycle (Gales et al. 1992; Higgins 1993; Ling and Walker 1978) , and Galapagos sea lions exhibit a protracted breeding season lasting about 4 months and varying between 2 and 11 months among the different islands (Wolf and Trillmich 2007) . Reproductive hormones of Australian sea lions have been previously studied but nothing yet is published about reproductive hormones in Galapagos sea lions.
The breeding biology of Galapagos sea lions is unique in that their breeding season is much longer than for sympatric Galapagos fur seals (Arctocephalus galapagoensis) or closely related California sea lions. Their reproductive period shifts slightly from year to year and from island to island. On average, female Galapagos sea lions could successfully give birth every year. However, 1-and 2-year-old pups often continue to suckle if their mothers fail to give birth that year (Trillmich 1986) . Although the majority of otariid seals enter estrus 7-10 days after parturition (Atkinson 1997) , Galapagos sea lions on Santiago Island were estimated to enter estrus about 3 weeks after parturition (Trillmich 1986) .
Most pinnipeds of temperate zones aggregate on land mainly during short, highly synchronized reproductive periods. In contrast, otariids inhabiting the Galapagos are nonmigratory and maintain large terrestrial colonies throughout the year (Trillmich 1979) .
Many factors in the environment influence reproductive events and processes. Some of these factors may simply cue normal physiological events, whereas others act as major disrupters to the system. Severe El Niño Southern Oscillation events disrupt the ecological system, resulting in lower prey abundance and diminished growth, body condition, reproduction, and survival in numerous species. During the 1982 During the -1983 El Niño Southern Oscillation, pinnipeds on the west coast of North and South America produced fewer pups, lactation periods were shorter, mortality of pups was high (up to 100%), growth rates of pups decreased, periods of foraging trips by lactating otariids were longer, age at 1st reproduction was higher, breeding seasons were missed, and mortality of adult females was higher than during non-El Niño Southern Oscillation years (Trillmich et al. 1991) .
Although the functional or mechanistic nature of the nutritionreproduction relationship remains unclear, it is intuitive to conclude that a high plane of nutrition will provide a female with greater energy stores, facilitating a pregnancy that results in the birth of a large, healthy pup (Atkinson 1997) . For example, it has been suggested that the prolonged gestation periods of Australian sea lions may be due to the lack of available resources in a benthic forager . Similar factors also could be influencing the protracted and low synchrony observed in the breeding season of Galapagos sea lions.
Progesterone levels have been used to differentiate pregnant from nonpregnant sea lions (Greig et al. 2007 ) because the corpus luteum of pinnipeds produces substantial amounts of progesterone throughout gestation (Craig 1964; Hobson and Boyd 1984) . This progesterone declines rapidly in circulation just before parturition (Boyd 1983 (Boyd , 1984 Raeside and Ronald 1981; Reijnders 1990) . Fluctuations in progesterone are dictated primarily by ovarian and uterine events, and pituitary activity; the influence of lactation appears to be minimal (Boyd 1991a) . Progesterone concentrations remain low during lactation until the time of ovulation in both phocid and otariid seals (Boyd 1983 (Boyd , 1991a Daniel 1975) .
Our study objectives were to validate and describe the progesterone and estrogen concentrations in serum and plasma samples collected from Galapagos sea lions during 2 different seasons of the year, to establish a baseline of progesterone concentrations in pregnant and nonpregnant sea lions, and to determine the presence of pregnant females at different seasons to provide stronger evidence for the unique reproductive biology of this species.
MATERIALS AND METHODS
Field site and general procedures.-We captured female Galapagos sea lions at Caamaño Islet (0.759uS, 90.278uW) in the Galapagos Islands during 2 different environmental seasons. During March 2005, we captured 11 lactating females that were suckling small pups, 3-4 months after peak pupping season (late October-mid December). In August 2006, we captured 12 females, some of which were suckling pups; these pups were bigger and possibly older (9-10 months after peak pupping season) than the ones from the previous season. Sea lions were captured with hoop nets and anesthetized with isoflurane gas (0.5-2.5%) with oxygen via a portable field vaporizer, administered through a cone-shaped mask followed by endotracheal intubation (Gales and Mattlin 1997) . Once under anesthesia we collected serum and plasma samples from the caudal gluteal vein. We weighed animals in a sling using a tripod and a 250-kgcapacity (6 0.1-kg-precision) digital scale. The females were examined by a veterinarian in the field to determine their pregnancy status. Females were diagnosed as pregnant when they exhibited a considerably visible and palpable distended uterus and by palpation of the fetus, which can only be achieved at an advanced pregnancy state. This research met guidelines approved by the American Society of Mammalogists (Gannon et al. 2007) and was approved by the Chancellor's Animal Research Committee at University of California, Santa Cruz.
Hormone analyses.-We assayed serum and plasma samples in duplicate for progesterone using a commercial radioimmunoassay kit (Coat-A-Count Progesterone; Siemens, Los Angeles, California). We validated the assay for Galapagos sea lions and tested for parallelism between serum and plasma samples by using the standards provided and increasing dilutions of a pooled sample of serum and plasma from female sea lions (Greig et al. 2007 ). We tested for linearity by using the increasing dilutions and therefore increasing volumes of the pooled serum and plasma samples: volumes of 3.125, 6.25, 12.5, and 25 ml yielded amounts of 0.33, 0.69, 2.01, and 3.97 ng for serum (y 5 0.17x 2 0.24, r 2 5 0.99) and 0.3, 0.59, 1.49, and 3.59 ng for plasma (y 5 0.15x 2 0.30, r 2 5 0.99; where x is mass of standard added in ng/ml, and y is mass of standard measured in ng/ml). Parallelism was tested by running 25 ml of a low-concentration sample of pooled serum and plasma from females with 25 ml of each of the standards, and comparing that with 50 ml of each of the standards. The lines were parallel for both serum and plasma between 0.05 and 20 ng/ml: the slope of the standard concentration measured from the serum plus the standards was 1.16, the slope of the standard concentration measured from the plasma plus the standards was 1.15, and the slope of the standards was 1.14. The mean percent nonspecific binding was 2.24% 6 0.9% SE (n 5 5), and mean sensitivity was 0.06 ng/ml 6 0.02 SE (n 5 5). Interassay variation of a control run in 4 assays was 4.3% (X 5 1.4% 6 0.5% SD) and 98% of intra-assay coefficients of variation were ,10%.
A double-antibody radioimmunoassay (MP Biomedicals, LLC, Orangeburg, New York) for total estrogens was validated for use with Galapagos sea lion serum and plasma.
Radioactivity of the bound portion was determined using a gamma counter (Gamma C12; Diagnostic Products Corporation, Los Angeles, California). The radioimmunoassay was performed as per manufacturer instructions with the exception that all volumes were halved and an additional standard (onehalf the lowest standard) was added to the curve to increase sensitivity as in Greig et al. (2007) .
Serial dilutions of serum and plasma pools from female Galapagos sea lions (undiluted to 1:256) yielded displacement parallel to that of the standard curve for total estrogens. Recovery of the added total estrogens standard for serum (1.25-50 pg/ml) was 76.2% (SD 5 13.6 pg/ml, coefficient of variation [CV] 5 6.8%; y 5 0.73x + 0.38, r 2 5 0.99) and for plasma (2.5-50 pg/ml) was 76.4% (SD 5 18.6 pg/ml, CV 5 20.1%; y 5 0.93x 2 1.37, r 2 5 0.98; where x is mass of standard added in pg/ml, and y is mass of standard measured in pg/ml). All samples were initially run at a dilution of 1:2 in diluent provided by the manufacturer, with the more-concentrated samples diluted further to 1:10. Interassay variation of 2 separate controls was 32.6% (X 5 3.2 pg/ml 6 1.05 SD) and 4.2% (X 5 36.3 6 1.5 pg/ml) for a low and a high, respectively. Intra-assay coefficients of variation were 10% and assay sensitivity was 1.56 pg/ml. All hormone concentrations were determined after a log-logit transformation of the standard curve (Greig et al. 2007) . Means are presented with 6 1 SD and figures are presented with standard errors (SEs). We transformed progesterone concentration data to square-root and estrogen concentration data to log 10 to meet normality assumptions. Student's ttests were used to detect statistical differences (P 5 0.05).
RESULTS
Linearity and parallelism tests for progesterone concentrations in serum and plasma samples from Galapagos sea lions revealed lines parallel to that produced from the standards curve (y 5 1.14x 2 0.19, r 2 5 0.99). On average, plasma samples yielded a higher concentration of progesterone than serum samples, but the difference was not significant (t 5 2.04, d.f. 5 30, P 5 0.48). Therefore, either serum or plasma samples can be used for determination of progesterone concentrations in Galapagos sea lions (serum: y 5 1.16x 2 0.017, r 2 5 0.99; plasma: y 5 1.15x 2 0.013, r 2 5 0.99). Linearity and parallelism tests for estrogen concentrations in serum and plasma of Galapagos sea lions revealed lines parallel to the line produced from the standards curve (y 5 0.92x + 1.47, r 2 5 0.99). The slope of the line for the linearity test in plasma samples was closer to 1 (y 5 0.93x 2 1.37, r 2 5 0.98) than that produced from the serum samples (y 5 0.73x + 0.38, r 2 5 0.99). High variability (CV) was found in duplicate runs of serum samples. Taking into account parallelism, linearity, and the CV we decided to use plasma samples to determine concentrations of total estrogens.
To compare progesterone concentrations between seasons, we used the highest values obtained for each individual irrespective of sample type (serum or plasma). Mean progesterone concentrations were higher during August (X 5 11.1 6 6.8 ng/ml, n 5 12) than during March (X 5 5.8 6 6.2 ng/ml, n 5 11; Fig. 1 ). During March, progesterone levels in female Galapagos sea lions clearly split into 2 significantly different groups: 1 with low concentrations (X 5 0.6 6 0.4 ng/ml, n 5 6) and a 2nd with high concentration (X 5 12 6 2.8 ng/ml, n 5 5; Fig. 1) . Two of the females in the latter group were determined to be pregnant by examination in the field. Therefore, we considered females in this group to be pregnant because they had progesterone concentrations similar to those found in females diagnosed as pregnant. Based on the observed progesterone concentrations, we can define a lower threshold of ,4 ng/ml for nonpregnant versus .4 ng/ml for pregnant females. More females were visually categorized as pregnant during August, corresponding to higher progesterone concentrations. Three of 12 females also exhibited significantly lower progesterone concentrations (,4 mg/ml) than the rest of the females during this time of year (Fig. 1) .
Mean estrogen concentrations for March and August were not significantly different (X 5 0.62 6 0.2 ng/ml, n 5 11, and X 5 0.77 6 0.5 ng/ml, n 5 12, respectively; t 5 0.66, d.f. 5 21, P 5 0.5). We found no contrasting estrogen concentration in females during March or August, as we did for progesterone. Nor did we find significant differences between pregnant and nonpregnant females during both seasons (pregnancy status based on progesterone concentrations and field examination) (t 5 21.43, d.f. 5 9, P 5 0.2 for both seasons; Fig. 2 ).
DISCUSSION
We found a higher proportion of females with high progesterone concentrations during August (2-4 months before the known pupping season at Caamaño Islet) than during March (7-9 months before the pupping season). If the peak pupping season occurs from late October to mid December, copulations and fertilization likely occur during November-December; and if embryonic diapause lasts between 3 and 4 months, as in other sea lion species (Boyd 1991b; Daniel 1975) , implantation would then be occurring around FebruaryMarch. If Galapagos sea lions exhibit seasonal and synchronous reproductive cycles as do other otariid species, we would not expect to find high progesterone concentrations in March, within 1 month of implantation. Differences in progesterone concentrations between pregnant and nonpregnant pinnipeds may not be detectable until 1-2 months after implantation (Daniel 1981; Gardiner et al. 1999; McKenzie et al. 2005b; Reijnders 1990 ). The lowest progesterone concentration for a female New Zealand fur seal (Arctocephalus forsteri) that gave birth was 6 ng/ml, recorded 1.5 months after implantation (McKenzie et al. 2005b ). Greig et al. (2007) found progesterone concentrations of 7.44 ng/ml in California sea lions during midpregnancy. Considering that some female Galapagos sea lions might give birth as late as March, we would not expect to find high progesterone concentrations at that time, given that progesterone levels decline rapidly before parturition (Boyd 1983 (Boyd , 1984 Raeside and Ronald 1981; Reijnders 1990 ).
In our study, one-half of the females in March exhibited progesterone concentrations between 8.4 and 15.8 ng/ml, whereas the other half exhibited contrastingly low concentrations of 0.2-0.7 ng/ml. Some females with high progesterone concentrations were categorized as pregnant during field examination when their pregnancy status was palpable. Therefore, we assume that all females with high progesterone concentrations were pregnant. Female New Zealand fur seals with progesterone values , 6 ng/ml were unable to carry a pregnancy to term (McKenzie et al. 2005b) . Progesterone concentrations of California sea lions during midpregnancy were 7-fold higher (7.44 6 2.77 ng/ml- Greig et al. 2007 ) than those of the female Galapagos sea lions with low progesterone values in our study (March: 0.6 6 0.8 ng/ml; August: 1.81 6 0.8 ng/ ml). Therefore, we assume that female Galapagos sea lions with low progesterone values in our study were not pregnant.
We found similar and high progesterone concentrations as well as palpably pregnant female Galapagos sea lions during 2 seasons that are 5 months apart, providing strong evidence for remarkably low synchrony and minor seasonality in the breeding cycle of this species. This feature is unique among otariids, because it does not follow the pattern typical of pinnipeds in general, or of its closest relative, the California sea lion (Odell 1975) . In most pinniped species, implantation occurs when day length is declining; a photoperiod of about 12 h may provide the signal for implantation in some species (Boyd 1991b) . In the Galapagos Islands, situated at the equator in the tropics, seasons are generally less pronounced and predictable than at higher latitudes, and the season of births can be protracted (Kenyon 1981; Trillmich and Majluf 1981) . This phenomenon is observed in Australian sea lions, which show an 18-month breeding cycle (Higgins 1993; Ling and Walker 1978) and may have little dependence on photoperiod. In the Galapagos Islands, day length is 12 h year-round, thus pinnipeds living here lack a photoperiodic cue and must rely on different signals for implantation.
During August, approximately 8-12 months after implantation, a greater proportion of females showed high progesterone concentrations, as expected: 9 of 12 individuals exhibited progesterone concentrations . 8 ng/ml. Field examinations confirmed the pregnancy status of the majority of these females. Progesterone values of the remaining 3 females ranged between 1.4 and 2.4 ng/ml; therefore, they were not considered pregnant.
Mean estrogen concentrations were neither significantly different between seasons (X 5 0.6 6 0.2 and 0.7 6 0.5 ng/ ml), nor between females visually identified as pregnant versus nonpregnant. All but 1 female during March and 2 females during August exhibited estrogen concentrations , 1 ng/ml. Peak estrogen secretion coincides with the occurrence of estrous behavior (Boyd 1991b) and also is associated with termination of diapause in the northern fur seal (Callorhinus ursinusDaniel 1974) . A high estrogen concentration also is found in the month before birth in harbor seals (Phoca vitulina- Raeside and Ronald 1981) . Therefore, the higher estrogen concentrations found in our study could indicate the occurrence of ovulation, implantation, or sea lions being closer to parturition. Because of the low synchrony exhibited in Galapagos sea lions, it is difficult to determine which of these reproductive phases were detected by the observed estrogen levels.
Linearity and parallelism checks on serum and plasma samples tested for progesterone concentrations revealed that both sample types can be used to determine progesterone concentrations in female Galapagos sea lions. Serum samples used to determine estrogen concentrations in Galapagos sea lions exhibited interference and variability in the antibody's binding capability. Therefore, we did not consider estrogen values from serum samples to be accurate and used plasma samples to determine estrogen concentrations. Because our samples were collected in the field, they were sometimes hemolyzed or lipemic, which interferes with the accuracy of the radioimmunoassay. This can explain the poor accuracy we encountered with the total estrogens assay for serum samples. Perhaps these problems can be rectified in future studies.
The low synchrony found in the breeding cycle of Galapagos sea lions could be an adaptation to an environment with variable productivity and prey availability, as is the breeding asynchrony observed among colonies of Australian sea lions (Goldsworthy et al. 2004; McKenzie et al. 2005a ). The Galapagos Islands exhibit 2 intra-annually contrasting seasons, a wet season characterized by lower upwelling, warmer water temperatures, reduced productivity, and consequently reduced prey abundance, and a dry season when upwelling occurs (Feldman 1986; Pak and Zanveld 1973) . Furthermore, these islands are greatly affected by El Niño Southern Oscillation events (Trillmich and Limberger 1985) , an additional environmental factor that results in fluctuating and unpredictable prey resources. Nutritional intake and reproductive success are closely linked in mammalian reproduction (Widdowson 1981) . In New Zealand fur seals at Cape Gantheaume, low food availability resulting in lowered nutritional intake and increased energy expenditure might have caused reduced maternal support at implantation and during gestation (McKenzie et al. 2005b ). This reduction in maternal support was reflected in a belowaverage birth weight for pups (Shaughnessy and Dennis 2001) . Unpredictable prey resources in conjunction with seasons of low productivity in the Galapagos might make it difficult for the sea lion population to maintain a short and well-defined reproductive season. Adjusting reproductive behavior to allow for flexibility in their breeding season to match that of resource availability might be more energetically cost effective.
Our study is the 1st to determine progesterone and estrogen concentrations in wild Galapagos sea lions, providing a tool to study the unique reproductive behavior of this species. Examination of our data supports previous observations of an extended breeding season approaching asynchrony and low seasonality in the reproductive pattern of this species. Measurements of progesterone and estrogen concentrations between years, for example, El Niño Southern Oscillation versus non-El Niño Southern Oscillation years, could be used to infer whether pregnancy rates are affected by such environmental variations. Behavioral studies coupled with sequential sampling of individuals throughout longer periods of time are needed to establish fluctuation of progesterone and estrogen concentrations in association with reproductive phases.
RESUMEN
La biología reproductiva de los mamíferos se encuentra consistentemente modificada en los pinnípedos de manera que permite patrones reproductivos sincronizados y estacionales. Esta sincronía está basada en una diapausa embriónica la cual asegura condiciones óptimas para la supervivencia de las crías. Observaciones del comportamiento reproductivo en lobos marinos de Galápagos (Zalophus wollebaeki) indican la existencia de una baja sincronía y variabilidad en su estacionalidad reproductiva, haciendo esta especie única entre los otáridos. Estudiamos la fisiología reproductiva de las hembras de lobo marino de Galápagos en 2 meses correspondientes a estaciones opuestas del año, Marzo 2005 (n 5 11) y Agosto 2006 (n 5 12) examinando concentraciones de progesterona y estrógeno en suero y plasma. Se presenta evidencia fisiológica de una sincronía notablemente baja y reducida estacionalidad en el ciclo reproductivo del lobo marino de Galápagos. Específicamente, se encontraron hembras en estado intermedio o avanzado de embarazo durante ambas temporadas, lo cual fue determinado mediante niveles altos de concentraciones de progesterona y la evaluación física de las hembras. Las posibles causas de una baja sincronía en esta especie son la ausencia de un cambio anual significativo en el fotoperiodo, el cual posiblemente regula la diapausa embrió-nica; y/o la adaptación a un ambiente variable en cuanto a la productividad y disponibilidad de presas.
